Huge quantities of pesticides are dispersed in the environment, affecting non-target organisms.
Introduction
Aquatic environments are often contaminated with numerous organic and inorganic compounds, including herbicides which are among the most widely used toxic chemicals for various purposes in industry, forestry, gardens, agriculture and households (Fatima et al., 2007) . As much as ca. 99 .7% of the applied load of pesticides is dispersed in the environment, not reaching their target pests. In this way, pesticides enter into aquatic ecosystems from agricultural runoff or leaching, and as a consequence, have become some of the most frequently occurring organic pollutants in aquatic ecosystems ( Pimentel, 1995 and Ibáñez et al., 1996) . Pesticides differ from most industrial organic chemicals in that they are brought into the environment with the explicit intention of exerting toxic effects on one or more target organisms. Unfortunately, their toxicity is usually not limited to the location where they are applied, reaching other locations and environmental compartments through various physical transport processes and adversely affecting organisms that happen to be present ( Deneer, 2000) . Numerous observed effects of pesticides on aquatic biota suggest that these chemicals, at concentrations present in the environment, may have the capability to induce changes at the molecular, cellular and genetic levels in various organisms ( Arkoosh et al., 1998 , Tanguy et al., 2005 and Amado et al., 2006 . Algae composing the primary producer level are of initial importance in providing the energy that sustains invertebrates and fish in most aquatic ecosystems. The action of toxic substances on algae is therefore not only important for the organisms themselves, but also for other links in the food chain (De Lorenzo et al., 2002 and Rioboo et al., 2007) . In this way, herbicides can affect the structure and function of aquatic communities by altering the species composition of an algal community (Ma et al., 2002) .
Paraquat (1,1′-dimethyl-4,4′-bipyridilium dichloride) is a non-selective herbicide widely used to prevent the growth of broad leaf weeds and grasses. This quaternary ammonium compound is a cationic species in aqueous solution and, after application, this chemical can be adsorbed into the soil or transported to the aquatic environment by runoff or leaching (Ibáñez et al., 1996) ; its mode of action, as a competitive inhibitor of photosynthetic electron transport at PS I level, makes it potentially lethal to a wide variety of non-target species of primary producers, including microalgal species (Franqueira et al., 1999) .
The alteration provoked in the photosynthetic process should be correlated with changes in growth parameters and biochemical composition of the paraquat exposed cells. Based on that, the aim of the present study was to determine the potential effect of paraquat on the biochemical and elemental composition of an ubiquitous and amenable to culture freshwater green microalga Chlamydomonas moewusiiafter 48 h of exposure to increasing concentrations of this herbicide.
Materials and methods

Microalgal cultures
C. moewusii Gerloff (Chlamydomonadaceae) was obtained from the Culture Collection of Algae and Protozoa of Dunstaffnage Marine Laboratory (Scotland, UK) (strain CCAP 11/5B) and was grown on sterile Bristol medium ( Brown et al., 1967) , which was supplemented with increasing paraquat concentrations (0.05, 0.1, 0.15 and 0.2 μM). Paraquat stock solution (1 mM) was prepared by dissolving granulated herbicide paraquat (Sigma; MW: 257.2) in distilled and sterilized water. Cultures without paraquat were also included as a control.
All cultures were carried out in duplicate in Pyrex glass bottles containing 500 mL of medium.
Initial cell density for each experiment was 4 × 10 5 cells mL −1 . For the assays, cells from a 3-dold culture were used as inoculum. Microalgal cultures were maintained at 18 ± 1 °C, illuminated with 68.25 μmol photon m −2 s −1 , with a dark:light cycle of 12:12 h, and continuously aerated.
Growth measurement
Growth of microalgal cultures was measured by counting daily culture aliquots in a Coulter Epics XL4 flow cytometer equipped with an argon-ion excitation laser (488 nm). Fluorescence of chlorophyll a was used to exclude non-microalgal particles, and red fluorescence (>645 nm) was used as gate.
Growth rate (μ) (d −1 ) was calculated using the following formula:
where Nt is the cell density (cells mL −1 ) at time t (d) and N0 is the cell density at time 0.
Growth data were fitted by a non-linear regression with the regression wizard software (SigmaPlot 8.0, SPSS Inc.).
Biochemical composition
Samples for biochemical determinations were always collected at the same time of the light period because biochemical composition of microalgal cells can vary depending on the moment of the light period in which sample is taken (Ganf et al., 1986) . Chlorophyll a content was determined spectrophotometrically from 90% acetone extracts using the formula of Jeffrey and Humphrey (1975) .
Hydrosoluble protein content was measured in the crude extract obtained after breaking microalgal cells in an ultrasonic disintegrator. After sonication at 4 °C, the extracts were centrifuged, the pellets discarded and protein content was measured in the supernatant by the dye-binding method (Bradford, 1976) .
Dry weight and elemental composition
The dry weight was determined according to Utting (1985) . Culture aliquots (10 mL) were filtered through previously dried and weighed Whatman GF/C filters. Thereafter, the filters were dried in an oven at 80 °C for 72 h.
Samples for elemental composition were taken by centrifugation of aliquots of culture at 3500 rpm and frozen at −70 °C prior to lyophilisation for 24 h. Carbon and nitrogen content were obtained with an elemental analyser (Carlo Erba CHNS-O 1108).
Nitrate reductase and nitrite reductase activities
The nitrate and nitrite reductase activities were determined using in situ assay protocols based on the colorimetric determination of nitrite formed after enzymatic reduction of nitrate with NADH as electron donor for the nitrate reductase activity ( Barea and Cárdenas, 1975 and Berges and Harrison, 1995) , and of nitrite disappeared as a consequence of its reduction with metilviologen in the presence of sodium dithionite for the nitrite reductase activity ( Barea and Cárdenas, 1975) . Colorimetric determination of nitrite was carried out according to Snell and Snell (1949) in both enzymatic activity assays.
Enzymatic activity was expressed as specific activity, in units of enzymatic activity per gram of protein, taking into account that one unit of enzymatic activity catalyses the conversion of 1 μ mol of substrate to product per minute.
Data analysis
Since the aim of the present study is to evaluate the effect of paraquat on different parameters, the data obtained after 48 h of herbicide exposure were statistically analysed by an overall oneway analysis of variance (ANOVA) and, when differences observed respect to the control cultures were significant, the means were compared by multiple-range Duncan test, at a level of significance of 0.05 (p < 0.05).
Results
Growth
Microalgal growth was used to measure the toxicity of paraquat in a global manner, and the results obtained show that paraquat affected the growth of the freshwater microalga C. moewusii ( Table 1 ). All paraquat concentrations assayed provoked a significant (p < 0.05) decrease in the growth rate of this microalga, except for the lowest concentration assayed (0.05 μM) which enhanced growth ( Table 1) . 
Dry weight and elemental composition
Cellular dry weight showed a significant (p < 0.05) increase in cultures exposed to paraquat concentrations of 0.1 μM or higher respect to control cultures, reaching a maximum value in those exposed to the highest paraquat concentration (0.2 μM); in these cultures cellular dry weight was nearly twice the value obtained for control cells ( Table 2) . (Table 2) . Then, the C/N ratio increased significantly (p < 0.05) in cultures exposed to paraquat concentrations of 0.15 and 0.2 μM in comparison with the ratio obtained in control cultures ( Table 2 ).
Biochemical composition
After 48 h of paraquat exposure, cellular chlorophyll a content was significantly (p < 0.05) increased respect to control cultures in C. moewusii cells exposed to concentrations above 0.05 μM However, these differences observed for cell composition can be interpreted in a different manner if these data are expressed as a function of the cell biomass (Fig. 1B) . Then, the concentration of chlorophyll per gram of dry biomass after 48 h decreases for all cultures respect to the value recorded for the inoculum (0 h); the highest paraquat concentrations assayed provoked a significant (p < 0.05) decrease of this parameter respect to control after 48 h. Regarding the protein content, cultures with paraquat concentrations below 0.15 μM, including control cultures, showed an increase in their protein proportion of dry biomass after 48 h respect to the inoculum (0 h); at this time, cultures exposed to the highest paraquat concentrations assayed presented a significant (p < 0.05) decrease in this parameter respect to control ( Fig. 1B) .
Nitrate reductase and nitrite reductase activities
Microalgal cultures exposed to paraquat concentrations above 0.05 μM during 48 h showed a significantly (p < 0.05) reduced nitrate reductase activity in comparison with the control cultures (37.170 U g −1 protein), so that nitrate reductase activity decreased as paraquat concentration increased in culture, being 10 times lower in cultures exposed to 0.2 μM; however, cultures exposed to 0.05 μM showed a significantly (p < 0.05) higher nitrate reductase activity (45.186 U g −1 protein) in comparison with control ( Fig. 2) . represented by an asterisk (*).
Cultures exposed to 0.15 μM of paraquat showed a nitrite reductase activity significantly (p < 0.05) increased (408.820 U g −1 protein) in comparison with control cultures (339.738 U g − 1 protein), while cultures exposed to the highest paraquat concentration assayed showed a significant (p < 0.05) decrease in this enzymatic activity ( Fig. 2) .
Discussion
Obtained results showed a decrease of the growth rate of C. moewusii when is exposed to paraquat concentrations above 0.05 μM ( Table 1) , as was observed on other freshwater green microalga,Scenedesmus quadricauda Berb 614, exposed to paraquat concentrations of 0.02 mg L −1 or higher ( Wong, 2000) . In the same way, adverse effects of paraquat on microalgal growth has also been observed onChlorella vulgaris, Pseudokirchneriella subcapitata and Pandorina morum, although with different sensitivities to the herbicide ( Oliveira et al., 2007) .
Stimulation effects are often recorded in algal bioassays with different species and pesticides (Haglund, 1997 , Franqueira et al., 1999 , Wong, 2000 , Rioboo et al., 2002 and Yoshida et al., 2003 . The stimulation of growth observed at the lowest paraquat concentration assayed (Table   1 ) may be an attempt of algal cells to adapt to and resist the negative effect of herbicides. Some reports suggested that microalgal growth stimulation observed in the presence of certain concentrations of some herbicides, such as glyphosate, may have resulted from its use as carbon or nitrogen source for algal growth (Malik et al., 1989 , Marsalek and Rojickova, 1996 and Wong, 2000 .
EC50 values for the reduction of growth of Scenedesmus dimorphus and Ankistrodesmus falcatus were 39.8 and 93.3 μg L −1 ( Ibrahim, 1990) , respectively, so that it was observed that C.
moewusii is more sensitive to this herbicide than those microalgae. Investigations using different algal species as tests organisms have shown that algae vary greatly in their responses to contaminants, and this differential sensitivity could lead to changes in the structures of the biological communities ( Ma et al., 2006) .
The observed increase in cellular dry weight may be related to the growth inhibition observed in cultures exposed to high paraquat concentrations. Photosynthesis-inhibiting herbicides may alter the overall bioenergetic status of the organism (Wilson et al., 2000) , leading to the uncoupling of cell growth and reproductive processes, as reflected in the increase in the dry weight. This effect is in accordance with other investigations where increases in cell volume in different microalgae exposed to high concentrations of several contaminants were observed (Cid et al., 1996 , Franqueira et al., 2000 , Rioboo et al., 2002 and Calderón and Serpa, 2003 , and might explain the increases observed in cellular chlorophyll and protein content. The increase of the cellular content of chlorophyll or protein (Fig. 1A) was therefore a consequence of a cell volume increase, represented by the observed increase in the dry weight ( Table 2) .
Changes of biochemical composition induced by exposure to high herbicide concentrations were observed previously (Franqueira et al., 1999 , Rioboo et al., 2002 and González-Barreiro et al., 2004 . Paraquat induces its toxic action via oxidative stress-mediated mechanisms. Hence, it has been indicated that this herbicide causes an oxidative degradation of chlorophyll (Kirtikara and Talbot, 1996) , which can explain the significant reduction of chlorophyll content per gram of dry biomass in C. moewusii exposed to the highest paraquat assayed in the present study ( Fig.   1B ). This loss of chlorophyll was clearer after 96 h of paraquat exposure (data not shown).
Obtained results in the present study agree with those observed by Laws and Chalup (1991) , who reported that the C/N ratio is a parameter inversely correlated with the growth rate. The increase observed in the C/N ratio in cultures exposed to high paraquat concentrations was fundamentally due to a decrease in nitrogen content in the dry biomass, while the carbon content remained constant for all paraquat concentrations assayed (Table 2 ). This unexpected result leads us to analyse the effects of this herbicide on enzymes involved in nitrogen assimilation.
In higher plants and algae, nitrate is the predominant form of assimilated nitrogen and must be reduced to nitrite and subsequently to ammonium by nitrate reductase and nitrite reductase, respectively (Granum et al., 2002 and Kato et al., 2006) .
Results obtained in this work appear to point to the fact that nitrate reductase activity is more sensitive to paraquat than nitrite reductase, since only after 48 h of exposure to paraquat concentrations of 0.1 μM or higher a significant decrease in that enzymatic activity was observed, while it takes an herbicide concentration twice that to significantly reduce nitrite reductase activity, which was even stimulated in those cultures exposed to 0.15 μM of paraquat.
These negative effects on enzymes involved in nitrogen assimilation agree with the results showing a significant decrease in the proportion of proteins of the dry biomass in cultures exposed to the highest paraquat concentrations assayed (Fig. 1B) . The increase recorded in this parameter in cultures exposed to lower herbicide concentrations could be related with a detoxification mechanism (Kruglov, 1970) .
Nitrate reductase activity inhibition by paraquat has already been observed by Kenis et al. (1992) who concluded that this effect depends on the enhanced production of free radicals induced by the herbicide.
Nitrite reduction is functionally associated with the photosynthetic electron transport, so that it stands to reason that photosynthetic herbicides, such as paraquat, interfere with the assimilation of nitrite (Neyra and Hageman, 1974) .
On the other hand, a stimulation effect of these enzymatic activities was also observed in cultures exposed to lower paraquat concentrations. Several studies have reported stimulation effects in enzymatic activities involved in nitrogen metabolism induced by different moderate stress sources: high CO2 concentrations (Agüera et al., 2006) , photosynthetic inhibitor herbicides (Wu et al., 1971 , Singh et al., 1998 and Nemat Alla et al., 2008 and toxic metals (Domínguez et al., 2003 and Sharma and Dubey, 2005) .
Nitrogen assimilation and carbon fixation are highly coordinated in unicellular algae (Huppe and Turpin, 1994 and Giordano et al., 2005) ; so that an herbicide that finally should interferes in the photosynthetic carbon fixation goes on to also interfere in enzymatic activities involved in nitrogen assimilation. However, results obtained in the present study seem to indicate that negative effects of paraquat on nitrogen metabolism
are not a consequence of alterations in the carbon fixation, so that those became patently clear while alterations in carbon content were not observed.
Results obtained in the present work demonstrated adverse effects of paraquat upon a common freshwater green alga, thus the application of this herbicide for weed control in agricultural practices must be done with extreme caution, so that any disturbance affecting algae with similar and higher sensitivity will have severe repercussions on higher trophic levels and on elemental biogeochemical cycles. 
